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Neuronal Chain Gangs: Minireview
Homotypic Contacts Support Migration
into the Olfactory Bulb
Nancy A. O'Rourke* therefore unlikely to utilize a radial glial-guided mecha-
nism. Because the cells migrate parallel to the pial sur-Department of Biological Sciences
Stanford University face of the brain and across the paths of radial glia, the
orientation of their movements is defined as tangential.Stanford, California 94305
Some classes of migrating neurons in other areas of the
developing brain are found in close apposition to axonA great deal of attention in the field of developmental
neurobiology is presently focused on the rodent olfac- tracts and appear to use an axonophilic mode of migra-
tion (Rakic, 1990). Again, no such preformed axon tractstory bulb, which processes signals from the nasal epi-
thelium and relays them to the brain. The olfactory bulb appear to guide the migrating aSVZ neuroblasts. Thus,
the question becomes what substrate, if any, underliesis the ultimate destination of an extraordinary population
of migrating neuroblasts that have been a source of the migration of the interneuron progenitors into the
olfactory bulb?intense interest for two reasons. First, because these
cells are generated well into adult life, they may provide Polysialated NCAM and Olfactory
Neuroblast Migrationclues to the regenerative capacity of the adult brain and
strategies for therapeutic approaches to neurological A role for the highly polysialated form of the neural cell
disorders. Second, these cells migrate in a fashion that adhesion molecule (PSA-NCAM) in the migration of ol-
differs from the well-characterized glial-guided mecha- factory interneuron progenitors was revealed serendipi-
nism employed by radially migrating neurons and the tously from studies of transgenic mice (Tomasiewicz et
molecular basis for their migration appears to be un- al., 1993). NCAM is a member of the immunoglobulin
folding at a particularly rapid rate. The present minire- superfamily that is expressed in abundance throughout
view focuses on recent studies that have unveiled the the nervous system (Rutishauser, 1992). Three forms of
cellular and molecular details of this newly described NCAM, 120, 140 and 180 kDa in size, are generated
mode of migration. through alternative splicing of a single gene product.
Migration of Olfactory Bulb The 180 kDa form of NCAM is highly polysialated and
Interneuron Precursors its adhesive properties differ from the other two iso-
While olfactory projection neurons (mitral and tufted forms. The PSA residues counteract the adhesive prop-
cells) are born embryonically, the interneurons (granule erties of the NCAM molecules and thus serve to attenu-
and periglomerular cells) are generated during the post- ate the degree of adhesivity between cells. When the
natal life of the animal (Luskin, 1993). The neurons origi- 180 kDa form of NCAM is deleted in transgenic mice,
nate in the subventricular zone of the cerebral cortex the major defect is a diminution in the size of the olfac-
that lies adjacent to the most anterior pole of the lateral tory bulb and an accumulation of cells in the aSVZ and
ventricle (aSVZ, Figure 1). Localized injections of a retro- rostral migratory pathway. A combined knockout of all
virus containing the lacZ reporter gene into the aSVZ three forms of NCAM yields the same phenotype
reveal that cells from this region migrate along a distinct (Cremer et al., 1994). Thus, these results suggest that
rostral pathway out to the olfactory bulb (Luskin, 1993). the 180 kDa form of PSA-NCAM plays some role in the
Once they reach the olfactory bulb, the cells turn radially, migration of neuroblasts into the olfactory bulb.
migrate outward, and settle into either the granule or Evidence from subsequent studies suggest that it is
periglomerular layers of the olfactory bulb where they the high levels of polysialic acid on the NCAM that are
differentiate into interneurons. The migrating cells as- crucial for successful migration into the olfactory bulb
sume the elongated bipolar morphology of migrating (Ono et al., 1994). The PSA moieties can be cleaved
neurons, yet are capable of dividing as they migrate specifically by the enzyme endoneuraminidase N (endo
(Rousselot et al., 1995; Menezes et al., 1996) and are N) without damaging the remaining NCAM molecule. The
more correctly termed neuroblasts or neuronal progeni- high levels of PSA present along the rostral migratory
tors. While the bulk of this migration occurs during early pathway in neonatal mice are removed by injection of
postnatal stages in the rat, newly formed progenitors the enzyme into the intracranial cavity. Treatment with
continue to migrate in smaller numbers throughout the the enzyme phenocopies the NCAM knockout in mice.
adult life of the animal (Lois and Alvarez-Buylla, 1994). As in the knockout mouse, cells accumulate in the aSVZ
A major focus of recent investigations into the olfac- and there is a reduction in the size of the olfactory bulb
tory interneurons is centered on the mechanism for their suggesting the interneuron progenitors are unable to
migration along the rostral migratory stream. In laminar migrate normally. Additional experiments demonstrate
structures of the brain, such as cortex, cerebellum, and that these effects are not due to either a change in the
tectum, the prevailing model has young neurons migrat- rate of proliferation or death of the neuroblasts, thus
ing radially along glial processes (Rakic, 1990). In con- strengthening the argument that it is the process of
trast, neuroblasts migrating toward the olfactory bulb migration that is being affected specifically. Based on
extend leading processes perpendicular to the radial these results, Ono and colleagues (1994) propose that
glia in their surroundings (Kishi et al., 1990) and are PSA serves to weaken cell±cell interactions and allow
the neuroblasts to translocate through their environ-
ment. Removal of the PSA would cause the cells to*Present address: Department of Neuroscience, Genentech, Incor-
porated, South San Francisco, California 94080-4990. adhere to their substrate and stop in their tracks. The
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adhesive interactions could involve NCAM, but may also
include other as yet unidentified molecules.
Cellular Contacts of Migrating Neuroblasts
Further clues to the mechanism of migration of the olfac-
tory interneurons have come from careful examination
of the cellular contacts of their progenitors in the rostral
migratory stream in the adult rodent brain (Rousselot et
al., 1995). As in the neonate, the olfactory neuroblasts
express high levels of PSA and immunostaining with an
antibody against PSA reveals their migratory route. The
progenitors are closely apposed to one another and
extend in long thin, interconnected ªchainsº reaching
over distances of several millimeters from the aSVZ into
the olfactory bulb. Once within the olfactory bulb, the
cells turn radially and disperse, losing their contacts
with other migrating neuroblasts. These observations Figure 2. Cross-Section through a Neuronal ªChainº
suggest two possibilities: that the chains of cells migrate Migrating neuroblasts in the rostral migratory stream of the adult
along an as yet undescribed substrate or that the neuro- rodent are closely packed into tube-like structures termed chains.
blasts migrate independent of a defined substrate and The elongated neuroblasts (white) are ensheathed by GFAP-positive
glial processes (black). Specialized membrane junctions, portrayedthat the extensive contacts between them are crucial
as thick lines, are found between the neuroblasts, but not betweenfor their tangential migation.
neuroblasts and glia.Examination of the rostral migratory stream at the
electron microscopy level (Lois et al., 1996) reveals that
the chains of elongated neuroblasts are surrounded by
different types of junctions with migrating granule neu-glial processes that form a tube-like structure through
rons than with stationary ones, suggesting a direct cor-which they appear to migrate (Figure 2). The progenitors
relation between junction subtypes and the migratoryform extensive contacts with each other and make spe-
state of the neuron. It would be of great interest to knowcialized junctions inareas of close membrane apposition
whether the membrane specializations in the neuroblastthat resemble zonula adherens junctions. In contrast,
chains are altered either in number or morphology inthe neuroblasts do not form membrane specializations
NCAM knockout and endo N±treated mice. Anotherwith the glial processes that encircle them. The close
question is whether similar contacts occur in neonatalappositions and junctions between the progenitors have
animals, both among neuroblasts and between neuro-led the authors to suggest that it is their mutual interac-
blasts and glia. In neonates, GFAP staining has failedtions that play a prominent role in their migration. The
to reveal a network of glial processes surrounding thenature of the cellular junctions, however, has yet to be
migratory stream (Kishi et al., 1990). In addition, largerexplored fully. The membrane specializations are remi-
numbers of olfactory interneurons are being generatedniscent of junctions that have been described between
and the neuronal precursors form thicker streams moregranule neurons and glial processes in vitro (Gregory et
akin to interwined ropes than to chains. Clearly, theal., 1988). In the culture studies, glia processes form
cellular contacts in the neonates should be examined
in more detail.
Interactions between Neuroblasts
Support Migration
The issue of whether mutual contacts between the neu-
ronal precursors play a role in their tangential migration
into the olfactory bulb has been addressed directly in
transplantation studies by Hu and colleagues (1996).
Reciprocal transplants of migratory cells between nor-
mal and PSA-NCAM mutant animals were performed
(Figure 3). The aSVZ cells were transplanted into one of
two different sites along the pathway, either into the
aSVZ where the cells originate (position 1, Figure 3) or
into the olfactory bulb where the cells begin to migrate
radially into their final laminar positions (position 2, Fig-
ure 3). In a control experiment, mutant cells transplanted
into the aSVZ of mutant animals do not migrate. These
Figure 1. Migratory Pathway of Olfactory Interneuron Progenitors results again support the notion that it is the migration
The neuroblasts originate in the anterior subventricular zone (aSVZ) of neuroblasts into the bulb that is perturbed specifically
of the cerebral cortex (CTX) as seen in this sagittal view of the brain. in the mutant. When wild-type cells are transplanted
The progenitors then migrate (arrows) toward the olfactory bulb into the aSVZ of mutant animals, they also fail to migrate
(OB) through the rostral migratory stream (RMS). Once within the
(Figure 3A). In contrast, when the normal neuroblastsolfactory bulb, they turn to migrate radially into the granule or peri-
are transplanted into a mutant olfactory bulb, they trans-glomerular layers where they differentiate into interneurons. V, lat-
eral ventricle; CC, corpus collosum. locate along their normal radial trajectories (Figure 3A).
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Figure 3. Reciprocal Transplants between NCAM Knockout and Normal Mice
(A) Neuroblasts isolated from the aSVZ of normal animals (open circles) are unable to migrate when transplanted into the aSVZ (position 1)
of NCAM knockout mice (stippled areas). In contrast, when the normal neuroblasts are transplanted into the olfactory bulb (position 2) of the
mutant mice, they migrate radially into the granule or periglomerular layers.
(B) When aSVZ neuroblasts from NCAM knockout mice (stippled circles) are transplanted into the aSVZ (position 1) of normal mice (open
areas), they can navigate the entire migratory pathway rostrally into the olfactory bulb and radially into their normal laminar positions.
In reciprocal experiments, mutant cells migrate normally PSA residues on their surfaces appear crucial for the
contacts that underlie these cooperative interactions.along the wild-type rostral migratory pathway and out
into their final laminar positions in the olfactory bulb Issues Remaining to be Resolved
The role of glia in the migration of the olfactory in-(Figure 3B). Thus, it appears that it is the environment
of the cells that is affected by the mutation, not the terneuron progenitors has yet to be determined. The
results of the explant culture studies (Hu et al., 1996)ability of the cells to migrate. These results, along with
those that demonstrate extensive contacts between mi- indicate that glia are not necessary for their migration.
Certainly, glia do not serve as a direct migratory sub-grating neuroblasts (Rousselot et al., 1995; Lois et al.,
1996), suggest that cooperative interactions between strate, a role that radial glia play in other areas of the
brain (Rakic, 1990). In the adult olfactory bulb, however,the progenitors are crucial for this mode of tangential
migration. Small numbers of mutant cells in a normal they maycontribute to these movements in several ways
(Lois et al., 1996). The glial processes that ensheath theanimal may be carried out to the olfactory bulb by the
normal cells surrounding them. Conversely, normal cells migrating neuroblasts may provide a permissive envi-
ronment for the migration through the adult brain, theyin a mutant aSVZ may become trapped by neighboring
mutant cells that are unable to move. The radial migra- may actively guide the cells to the olfactory bulb, or
they mayrestrict them from dispersing into other regionstion of cells within the olfactory bulb is not perturbed in
any of the transplant paradigms; thus, the mechanism of the brain. Migrating neuroblasts in the neonatal do
not appear to be surrounded by glial processes as hasthat underlies the radial movements is unlikely to involve
PSA-mediated interactions. been shown in the adult (Kishi et al., 1990). Thus, it is
possible that the glia play a more active role in theThe most compelling evidence for homotypic interac-
tions between progenitors playing a mechanistic role in tangential olfactory interneuron migration as the animals
mature.their own migration comes from in vitro studies of aSVZ
explants (Hu et al., 1996). When pieces of the aSVZ An additional question is whether the mechanism de-
scribed here is applicable to other types of tangentialare cultured in a collagen gel matrix, chains of cells,
resembling those described by Alvarez-Buylla and col- migration in the developing brain. In the tectum, young
tectobulbar neurons appear to travel tangentially alongleagues (Rousselot et al., 1995; Lois et al., 1996), are
observed emanating from the edges of the explants axons extended by older members of the same neuronal
class (Gray and Sanes, 1991). While homotypic contactsinto the matrix. The cells migrating from the explants
maintain the high levels of PSA seen in vivo. Removal may support these movements, the underlying mecha-
nism would be defined as axonophilic (Rakic, 1990).of the PSA with endo N greatly reduces the number of
cells leaving the explants, suggesting they are utilizing Both neurons (O'Rourke et al., 1992) and neural progeni-
tors (Fishell et al., 1993) migrate tangentially in the maina mode of migration similar to that employed by aSVZ
neuroblasts in vivo. Interestingly, immunostaining re- body of the developing cerebral cortex, and the mecha-
nisms for their migration remain a mystery. Tangentiallyveals that no glia or axons extend from the explants into
the collagen matrix. All the cells in the migrating streams oriented neurons in the intermediate zone of the dorsal
cortex extend their leading processes orthogonal to theexpress class III b-tubulin, a marker for neurons in early
stages of differentiation (Hu et al., 1996). Thus, these radial glia (O'Rourke et al., 1995), yet they appear to be
dispersed rather than in close contact with one another.results provide strong support for the notion that the
neuroblasts are capable of migrating independently These neurons do not travel along the length of glial
processes as radially migrating neurons do, but theywithout the support of other cell types. In addition, the
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O'Rourke, N.A., Dailey, M.E., Smith, S.J., and McConnell, S.K. (1992).contact both radial glia and axons along their route and
Science 258, 425±427.may undergo axonophilic migration. In the ventricular
O'Rourke, N.A., Sullivan, D.P., Kaznowski, C.E., Jacobs, A.A., andzone, rounded neural progenitors disperse from one an-
McConnell, S.K. (1995). Development 122, 2165±2176.other through random movements in the tangential
Rakic, P. (1990). Experientia 46, 882±891.plane of the ventricular zone (Fishell et al., 1993). Both
Rousselot, P., Lois, C., and Alvarez-Buylla, A. (1995). J. Comp. Neu-the shapes of these progenitor cells and their mode of
rol. 351, 51±61.movement appear to distinguish them from the olfactory
Rutishauser, U. (1992). Development (Suppl.) 116, 99±104.neuroblasts. Thus, neither of these migratory popula-
Tomasiewicz, H., Ono, K., Yee, D., Thompson, C., Goridis, C., Rutis-tions appear likely to employ a migratory mechanism
hauser, U., and Magnuson, T. (1993). Neuron 11, 1163±1174.
similar to that of the aSVZ neuroblasts. A group of neu-
rons that express class III b-tubulin also appear to mi-
grate tangentially through the proliferative zones of the
cerebral cortex (Menezes and Luskin, 1994; O'Rourke
etal., 1995). The possibility that these cells rely onhomo-
typic contacts for their movement has yet to be ex-
plored. Thus, while a homophilic mechanism does not
appear to account for all instances of tangential migra-
tion, other regions of the brain and spinal cord should
be examined closely to determine whether it could be
invoked more broadly.
Previous investigators have characterized popula-
tions of neurons that undergo either glial-guided or
axon-guided migration (Rakic, 1990). The studies on the
olfactory bulb discussed here define a new category of
ªself-guidedº migration based on homotypic interac-
tions that are mediated, in part, by polysialic acid resi-
dues on NCAM. Many questions remain to be answered
with regard to this mechanism. One wonders about the
nature of the cellular behavior within the neuronal
chains. Do the cells slide or ªleap frogº past each other
in a dynamic fashion, or do they maintain static contacts
and move like a large conveyor belt? How do cells within
the olfactory bulb leave the chains and migrate radially?
Finally, what other molecules help drive the cells toward
the olfactory bulb? Do diffusible signals attract the cells,
or is the environment simply more permissive for move-
ments in the rostral direction? Clearly, the studies in the
olfactory bulb will spark further interest into the cellular
and molecular cues that guide migrating cells in all re-
gions of the brain.
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